experiments with laboratory rodents also showed that these food-derived compounds cause cancer. Furthermore, epidemioIn order to study the mutagenic effects of heterocyclic aromatic amines (HAAs) in cells of human origin, five comlogical studies indicated that they may be involved in the etiology of colon cancer in humans (IARC, 1993; with HAAs in human cells and in most of these experiments the genotoxic potential of the amines was assessed by DNA 50 µM), whereas Trp-P-1 was effective at a dose of ജ2.1 µM. In addition, the HAAs were tested in MN assays with adduct measurements (Totsuka et al., 1996; Turteltaub et al., 1997; Wakabayashi et al., 1997) . The human HepG2 cell line Chinese hamster ovary (CHO) cells and in Salmonella strain YG1024 using HepG2 cell homogenates as an actiwe used was isolated originally from a primary human liver tumor biopsy from an 11-year-old boy and has retained the vation mix. In the CHO experiments, positive results were obtained with Trp-P-1 and PhIP, whereas the other activities of a variety of xenobiotic metabolizing enzymes (for a review see Knasmüller et al., 1998) . It has been shown that compounds were devoid of activity under all experimental conditions. The discrepancy in the responsivity of the two representatives of different classes of promutagens give positive results in mutagenicity tests with HepG2 cells and evidence cell lines is probably due to differences in their acetylation capacity: enzyme measurements with 2-aminofluorene as is accumulating that the predictive value of assays with HepG2 cells is higher than that of conventional assays with cells a substrate revealed that the cytosolic acetyltransferase activity in the HepG2 cells is~40-fold higher than that of which require addition of exogenous cell homogenates for activation of HAAs and other classes of promutagens the CHO cells. In the bacterial assays all five HAAs gave positive results but the ranking order was completely (Knasmüller et al., 1998 (Knasmüller et al., , 1999 . In the present study, we used the induction of micronuclei (MN) as an endpoint. Darroudi different from that seen in the HepG2/MN experiments (IQ Ͼ MeIQ Ͼ Trp-P-1 ജ MeIQx ϾϾ PhIP) and the and Natarajan (1993) have recently described a protocol for the determination of MN in HepG2 cells and the mechanisms mutagenic potencies of the various compounds varied over several orders of magnitude. The order obtained in which lead to the formation of MN are well understood (Natarajan and Obe, 1982) . bacterial tests with rat liver S9 mix was more or less identical to that seen in the tests with HepG2 cell homogenIn order to determine to what extent the genotoxic effects and the order of genotoxic potencies of the different HAAs ates but the concentrations of the amines required to give positive results were in general substantially lower (10 -5 -depends on the metabolic activation system and on the type of indicator cells used, additional experimental series were 10 -1 µM). Overall, the results of the present study indicate that MN/HepG2 tests might reflect the mutagenic effects carried out in which induction of MN and/or gene mutations by HAAs was measured in Chinese hamster ovary (CHO) of HAAs more adequately than other in vitro mammalian cell systems due to the presence of enzymes involved in the cells and in bacterial indicators (Salmonella typhimurium YG1024). The results obtained in the latter test system upon metabolic conversion of the amines.
activation of HAAs with HepG2 derived cell homogenate were compared with those found under identical conditions with rat hypotonic KCl (5.6 g/l) and air dried preparations were made which were liver S9 mix, which is used in routine mutagenicity tests. In stained with 2% aqueous Giemsa solution (Gurr R 66). For each experimental order to explain the discrepancies seen in the MN assays point, 1000 binucleated cells (BN) were evaluated. The survival rates were with HepG2 and CHO cells, acetyltransferase activities were determined with tetrazolium salt according to Mosman (1983) . Two indepenmeasured comparatively in both cell types. dent experiments were carried out with the individual test compounds and in each experiment solvent controls and positive controls were included.
On the basis of the results obtained in the various experi-
MN assay with CHO cells
mental series and in previous studies with rodents, attempts
The tests were performed as described earlier by Darroudi and Natarajan were made to draw conclusions on the usefulness of the HepG2/ (1993) . Cells in exponential growth phase were trypsinized and centrifuged.
MN assay for the investigation of the genotoxic properties of Subsequently the pellet (~1ϫ10 6 cells) was resuspended in 0.2 ml F10
HAAs.
medium. The HAAs and B[a]P were dissolved in sterile DMSO; subsequently these solutions were diluted 1:1 with distilled water to reach the final concentrations. The incubation mixtures consisted of 0.2 ml of the cell
Materials and methods
suspension, 0.7 ml of HepG2 S13 cell homogenate (see above) and 0.1 ml of Chemicals different concentrations of the stock solutions of the HAAs. The mixtures were incubated for 2 h at 37°C with shaking. Subsequently, the cells were The test compounds 2-amino-3-methylimidazo[4,5-f]quinoline (IQ), 2-aminowashed in PBS and seeded into culture flasks. To obtain BN, cytochalasin B 1 3,4-dimethyl-imidazo[4,5-f]quinoline (MeIQ), 2-amino-3,8-dimethyl-imidazo-(3 µg/ml) was added to the growth medium immediately after treatment. After [4,5-f]quinoxaline (MeIQx), 2-amino-1-methyl-6-phenylimidazo [4,5-b] py-20 h the cells were trypsinized, treated with hypotonic KCl (5.6 g/l) and fixed ridine (PhIP) and 3-amino-1,4-dimethyl-5H-pyrido [4,3-b] The bacterial mutagenicity assays were carried out essentially as described 15% fetal calf serum (Gibco BRL Life Technologies, Paisley, UK) and earlier by Maron and Ames (1984) as liquid holding tests. Stationary phase antibiotics (penicillin, 100 U/ml, streptomycin 0.1 mg/ml; Sigma). overnight cultures of strain YG1024 (0.1 ml,~1-2ϫ10 9 cells/ml) were CHO wild-type cells (CHO 9) were cultured in Ham's F10 medium incubated for 30 min with 0.2 ml HepG2 cell homogenates or aliquot amounts supplemented with 15% newborn calf serum (both from Gibco BRL Life of rat S9 mix (final protein concentration 1 mg/ml) and 0.01 ml of different Technologies) and antibiotics (penicillin, 100 U/ml, streptomycin 0.1 mg/ concentrations of the various test compounds. Subsequently, the incubation ml; Sigma). mixtures were plated with 2 ml top agar on selective agar plates. After 2 For the bacterial tests, the O-acetyltransferase-overproducing S.typhimurium days, the His ϩ revertants were counted. For each experimental point, three strain YG1024 (Watanabe et al., 1990) , as well as the parent strain TA98, plates were evaluated. In addition, identical experimental series were carried were used. Strain YG1024 was a gift from T. Nohmi (National Institute of out with the parental strain TA98. In all experimental series, AFB 1 was used Hygienic Science, Division of Mutagenesis, Tokyo, Japan). Strain TA98 was as a positive control. obtained from B.N. Ames (University of California, Berkeley, CA). The cells Determination of N-acetyltransferase activities in CHO and HepG2 cells were kept on master plates which were supplemented with antibiotics.
The enzyme fractions were prepared as described by Glowinski et al. (1983) .
Preparation of cell homogenates
All steps were carried out at 4°C. HepG2 cells which had been cultivated on plates were washed several times with PBS, scraped gently from the surface Two different types of HepG2 cell homogenates were used. For MN assays and centrifuged. Approximately 2ϫ10 9 cells were resuspended in a 4-fold with CHO cells, the activation mix was composed according to the protocol volume of sodium pyrophosphate buffer (50 mM, pH 7.0, supplemented with of Darroudi and Natarajan (1993) . Briefly, fresh HepG2 cells were trypsinized, 1 mM dithiothreitol) and sonicated for 5ϫ15 s (Sonicator W-375; Ultrasonics centrifuged (800 g, 7 min) and transferred to Tris-sucrose buffer (5ϫ10 6 Inc.). Homogenates were centrifuged (20 min, 9000 g, 4°C), followed by cells/ml), which was prepared according to Darroudi and Natarajan (1993) . centrifugation of the supernatant at 105 000 g for 60 min to separate the Subsequently, the suspension was sonicated (Sonifier 250; Branson, Danbury, cytosolic supernatant from the microsomal pellet. For preparation of the CT) and centrifuged for 20 min at 4°C (13 200 g). The supernatant was stored microsomal fractions, the pellets were washed twice and finally resuspended in 200 µl portions at -70°C. Immediately before the start of the mutagenicity in an equivalent amount of buffer and homogenized (Sonicator W-375). assays, cofactor solutions were added which were composed as described Cytosols and microsomes were used immediately for the enzyme assays. As earlier (Darroudi and Natarajan, 1993) .
positive controls, enzyme fractions were prepared from rat liver homogenates. In the bacterial assays, a more concentrated cell homogenate was used,
In order to establish identical experimental conditions, the protein concentrawhich was composed according to Duverger-van Bogaert et al. (1993 .
tions of the various fractions were determined (Bio-Rad, Hemel Hempstead, The cells were gently centrifuged. Subsequently, the volume of the cell pellet UK) and identical protein concentrations established by appropriate dilution. was measured and a 10-fold volume of sucrose-imidazole buffer (0.25 M, N-acetyltransferases activities were determined according to Land et al. pH 7.4, 85 .3 g/l sucrose, 3 ml 1 M imidazole) added. The cell pellet was (1989) . The enzyme measurements were carried out in the presence and homogenized and centrifuged for 10 min at 9000 g. The supernatants were absence of paraoxon to distinguish between cytosolic and microsomal stored in small aliquots and kept at -70°C. acetylation enzymes (Glowinski et al., 1983) . The reaction mix consisted of In order to compare the activation capacities of the HepG2 cell homogenates 12.5 nmol 2-AF in 5 µl DMSO, various concentrations of cytosolic or with that of rat S9 (used in standard tests), commercial rat liver S9 homogenate microsomal enzymes and 50 mM sodium pyrophosphate buffer for a total from Aroclor 1254-induced animals was purchased from ICN Biochemicals volume of 200 µl. The mixtures were preincubated for 3 min at 37°C before (Erscheule, Germany). The protein concentrations of the cell homogenates the reaction was started by addition of 20 nmol [ 3 H]AcCoA in 50 µl sodium were determined by the method of Lowry et al. (1951) and, for reasons of pyrophosphate buffer (sp. act. 4-7 mCi/mmol). The radiolabeled product was comparison, the homogenates were diluted with 1.5 M KCl to establish extracted into 1.5 ml chloroform, washed twice with water, evaporated to identical protein concentrations. dryness and counted in 3 ml of a toluene-based scintillator. All samples were MN assay with HepG2 cells assayed at six to eight different enzyme concentrations. The activities were derived from an average of those concentrations that showed a linear response. The assay was performed essentially as described by Natarajan and Darroudi (1991) . Briefly, the cells were grown in culture flasks (25 cm 2 ) in 7 ml Results complete medium, then they were treated with solutions of the test compounds for 1 h. Subsequently, the cells were washed twice with phosphate-buffered
MN assays with HepG2 cells saline (PBS) free of Mg 2ϩ and Ca 2ϩ and cultivated for 28 h in complete
The results of the MN assay with HepG2 cells are summarized growth medium supplemented with cytochalasin B 1 (final concentration 3 µg/ml). Subsequently, the cells were trypsinized and treated with cold in 
Bacterial mutagenicity tests
c Cell survival was determined according to Mosmann (1983) .
In preliminary experiments with strain TA98 only marginal effects were induced by the HAAs upon activation with HepG2 dose-response effects obtained with the various amines were cell homogenate (data not shown). Therefore, the derivative similar and the potencies of PhIP, IQ, MeIQx and MeIQ were YG1024 was used in all further experiments. This strain has more or less identical, whereas Trp-P-1 caused a significant enhanced O-acetyltransferase activity and is highly sensitive effect at concentrations ജ2 µM. The other compounds were to amines (Watanabe et al., 1990) . In order to compare the also tested in preliminary range-finding experiments at concenresults of the bacterial mutagenicity assays with those generated trations below 25 µM (10 and 5 µM), but no positive results with mammalian cells, the tests were carried out as preincubwere obtained under these conditions (data not shown). Cell ation assays. With all amines, a significant, dose-dependent survival was much more affected by Trp-P-1 than by the other increase in His ϩ mutant numbers was observed. It can be seen compounds and reduced to 50% at a concentration of 12.6 µM in Table III that the mutagenic potencies of the different (Table I) . B[a]P was tested in all experiments under identical compounds vary over several orders of magnitude: the quinoexperimental conditions as IQ, MeIQ and MeIQx. The numbers lines IQ and MeIQ were the most potent mutagens. With both of MN formed after exposure of the cells to 900 µM B[a]P amines, positive effects were seen at 0.003 µM, followed by are listed in Table I and it can be seen that its mutagenic Trp-P-1 and MeIQx. PhIP was the weakest mutagen. The activity was similar to that of the quinolines and quinoxalines.
concentrations required to cause a significant increase over the MN assays with CHO cells spontaneous background values were~3ϫ10 -9 M in the case of MeIQ and IQ, 1ϫ10 -7 M for Trp-P-1, 5ϫ10 -5 M for MeIQx The results obtained in MN assays with CHO cells are summarized in Table II . With Trp-P-1 and PhIP, clear positive and 4ϫ10 -4 M for PhIP. When Aroclor 1254-induced rat S9 mix was used under identical conditions, more pronounced results were measured, whereas IQ, MeIQ and MeIQx did not induce MN even when tested at relatively high concentrations effects were seen with all compounds (Table IV) . The concen- The most striking discrepancy seen in the present experiments protein/ml. The mixtures were incubated for 30 min at 37°C and subsequently plated on histidine-free selective agar plates and the number of was that MeIQ, MeIQx and IQ were potent genotoxins in His ϩ revertant colonies counted after 2 days. As a positive control, aflatoxin
HepG2 cells, but devoid of activity in the CHO test system. B 1 was used.
We asked whether this phenomenon might be due to differences b Three plates were evaluated per experimental point.
in the metabolic activation capacities of the two cell lines. The c Asterisks indicate statistical significance (Dunnett's test, P ഛ 0.05).
results of a series of experiments in which N-acetyltransferase activities with 2-AF as substrate were comparatively measured Discussion in microsomal and cytosolic preparations of CHO and HepG2 cells are shown in Table V. In the microsomal fraction, the In the present investigation, the effects of various HAAs (Trp-P-1, IQ, MeIQ, MeQx and PhIP) were studied in MN assays activities in the cell lines were below the detection limit. In the cytosolic fractions, the N-acetyltransferase activity in the with HepG2 cells and attempts were made to compare the effects of the amines in the human derived cells with those human derived cells was~40-fold higher compared with that found in CHO cells. The highest 2-AF N-acetyltransferase caused in other indicator cells (CHO cells and bacteria). On the basis of the results obtained in the individual test systems activity was measured in the cytosol from rat livers (~4-fold higher than the activity in the human HepG2 cytosol).
and of in vivo data, conclusions were drawn on the predictive (Thompson et al., 1987; Tucker et al., 1989; 
N-acetyltransferase activity in HepG2 cells is~40-fold higher
Data which were used to calculate the enzyme activities are printed in bold.
than in CHO cells (Table V) and similar to that found in primary human hepatocytes (Land et al., 1989) . Coroneos and Sim (1993) recently genotyped the HepG2 cell line and found value and usefulness of the MN/HepG2 system for the investigation of the mutagenic effects of the HAAs.
it to be a NAT2*5B/*6A slow acetylator. In line with the results of the latter studies (Hein et al., 1994; , We found clear positive results with all five HAAs in the MN/ HepG2 assays and also demonstrated that cell homogenates of 1996a,b; Wu et al., 1997) , it is likely that the negative results seen with quinolines and quinoxalines in CHO cells are HepG2 cells are capable of activating the amines so that positive results are obtained with indicator cells lacking enzymes which due to their low acetyltransferase activity. In contrast, the acetyltransferase activity in HepG2 cells is apparently suffiare required for their metabolic activation.
At present, data on the effects of HAAs in human derived ciently high to catalyze the generation of DNA-reactive metabolites from IQ, MeIQ and MeIQx. cell lines and primary human cells are scarce: Morgenthaler et al. (1995 Morgenthaler et al. ( , 1998 tested PhIP and IQ in a human lymphoWith all five HAAs, positive results were obtained in the Salmonella mutagenicity assays upon activation with HepG2 blastoid (TK6) cell line for induction of gene mutations; data from experiments with human lymphocytes are also available cell homogenate (Table III) , but in contrast to the results seen in the HepG2/MN tests, a totally different ranking order of (Aeschbacher and Ruch, 1989) , but in contrast to the present experiments with HepG2 cells, addition of rat liver homogenate mutagenic activity was seen (IQ Ͼ MeIQ Ͼ Trp-P-1 ജ MeIQx ϾϾ PhIP). While in HepG2 cells the mutagenic was required for metabolic activation of the amines in both experimental systems. We earlier reported results from experipotencies of the individual compounds were of the same order of magnitude, pronounced differences were found in the ments in which we used the MN/HepG2 system to investigate protective effects of dietary constituents towards HAAs, but bacterial assays. For example, PhIP was approximately five orders of magnitude less active than IQ. The ranking orders no dose-response effects and comparisons with other test systems were included in this study (Sanyal et al., 1997) .
of mutagenic actvities of the amines seen under identical experimental conditions with rat liver S9 mix and HepG2 Furthermore, data from a few DNA adduct measurements with primary human cells from different organs are also available homogenate were more or less identical, but the concentrations required to produce positive results were much lower. Since (Totsuka et al., 1996; Turteltaub et al., 1997; Wakabayashi et al., 1997) .
the cell homogenates are devoid of acetyltransferase activity (Wiebel, 1993) , it is conceivable that these differences are due The mutagenic potencies as well as the ranking orders of mutagenic activities of the various HAAs differ strongly in to activities of enzymes which catalyze the first activation step of the HAAs, namely N-hydroxylation by cytochromes the individual test systems. In the HepG2/MN assay the order of activity was Trp-P-1 ϾϾ MeIQ ജ PhIP ജ MeIQ ജ IQ.
CYP1A1 and CYP1A2. However, the dramatic dissimilarity in the ranking orders seen in the HepG2/MN-tests and in the The tryptophan derivative was active at concentrations ജ2 µM. The potencies of the other four amines were similar and bacterial assays is likely due to differences in the subsequent activation steps (e.g. differences of the substrate specificities positive effects were found at doses ജ25 µM. In the CHO/ MN assay with HepG2 cell homogenates, MN induction and of human and bacterial actelytransferases). Watanabe et al. (1994) compared the induction of MN by IQ in genetically cytotoxic effects were only seen with Trp-P-1 and PhIP (Table  II) , whereas the quinolines (IQ and MeIQ) as well as MeIQx engineered Chinese hamster CHL cells expressing either bacterial (Salmonella) O-acetyltransferase or human NAT1 or were devoid of activity under all test conditions. These findings are in agreement with earlier results obtained in CHO cells NAT2 acetyltransferase activity. Since a much more pronounced effect was seen in cells expressing the bacterial and with other mammalian cell lines in the presence of rodent derived activation mixtures: the quinolines (IQ and MeIQ) and enzyme, they concluded that the microbial transferase has a much higher activation capacity for IQ than the human. the quinoxaline (MeIQx) caused only moderate or negative effects (Thompson et al., 1983 (Thompson et al., , 1987 Holme et al., 1987;  Several attempts have been made to establish structureactivity relationships for the genotoxic effects of HAAs which Loprieno et al., 1991; IARC, 1993) , whereas Trp-P-1 and PhIP induced chromosomal aberrations and SCEs in CHO cells are all based on data obtained in bacterial mutagenicity assays (Hatch et al., 1991; Sabbioni and Wild, 1992; Zhang et al., mutagenic carcinogens by human hepatoma microsomal extracts in Chinese 1993; Vikse et al., 1995 Tucker,J.D. (1996) example, PhIP, which is the most abundant HAA in fried Cytogenetic analysis of mice chronically fed the food mutagen 2-amino-1-meats, was in the present as well as in earlier bacterial studies methyl-6-phenylimidazo[4,5-b] (Wakabayashi et al., 1993) more than two orders of magnitude Duverger-van Bogaert,M., Dierickx,P.J., Stecca,C. and Crutzen,M.-C. (1993) less mutagenic than IQ and MeIQ, whereas it was equally Metabolic activation by a supernatant from human hepatoma cells: a possible alternative in mutagenic tests. Mutat. Res., 292, [199] [200] [201] [202] [203] [204] active in the HepG2/MN assays. (Wild et al., 1985; Loprieno et al., 1991) IARC, 1993; Director et al., 1996) ; in SCE tests, 37-41. no positive effects were seen in bone marrow cells of mice Frederick,T.H., Knize,M.G., Healy,S.K., Slezak,T.S. and Felton,J.S. (1988) with the latter compound (Director et al., 1996) . For MeIQx chromsomal aberrations in hepatocytes (Sawada et al., 1991) . (Ohgaki et al., 1984 (Ohgaki et al., , 1991  from cooked foods and additional aromatic amines. Mutat. Res., 271, Takayama et al., 1984; Ito et al., 1991; Wakabayashi et al., 269-287. 1992 not differ substantially (range of TD 50 in rats 0. 57-5.7, in Ito,N., Hasegawa,R., Sano,M., Tamano,S., Esumi,H., Takayama,S. and mice 11-41 mg/kg/day; Hatch et al., 1992) , whereas their Sugimura,T. (1991) A new colon and mammary carcinogen in cooked food, 2-amino-1-methyl-6-phenylimidazo [4,5-b] pyridine (PhIP). Carcinogenesis, mutagenic activities differ over many orders of magnitude in 12, 1503-1506. bacterial tests. In this context it is also notable that Trp-P-1 is Knasmüller,S., Parzefall,W., Sanyal,R., Ecker,S., Schwab,C., Uhl,M., Merscha more potent carcinogen in rats than MeIQ, MeIQx, IQ and Sundermann,V., Williamson,G., Hietsch,G., Langer,T., Darroudi,F. and PhIP and was also the most potent genotoxin in HepG2/MN Natarajan,A.T. (1998) Use of metabolically competent human hepatoma assays, in mice however the TD 50 values of Trp-P-1 are 2-to cells for the detection of mutagens and antimutagens. Mutat. Res., 402, [185] [186] [187] [188] [189] [190] [191] [192] [193] [194] [195] [196] [197] [198] [199] [200] 3-fold higher than those of IQ and MeIQ (Hatch et al., 1992) .
Knasmüller,S., Uhl,M., Fahrig,R., Darroudi,F., Mersch-Sundermann,V., Overall these comparisons indicate that the MN/HepG2 assay is Bader,A., Sanyal,R., Schwab,C., Hietsch,G., Parzefall,W. and Natarajan,A.T. an appropriate approach for the investigation of the mutagenic Schwab et al., 1999) . liver and urinary bladder. Carcinogenesis, 10, 727-731. Loprieno,N., Boncristiani,G. and Loprieno,G. (1991) An experimental approach to identify the genetic risk from cooked food mutagens. Food
